Abstract. There are many types of accidents with their own characteristics in hydropower construction. The accidents are mainly results of human errors. It is important to find out the routes to failure and give recommendations pertinently for different accident types. First, 869 accident investigation reports are collected and the human factors are filtered using the Human Factors Analysis and Classification System (HFACS) framework, the norms which link the accident causes and human factors are also explored, the first three accident types are determined by the frequency statistics. The ranking of the factors and the norms of the three accident types is presented using the frequency statistics. The Chi-square, lambda and odds ratios are used to analyze the interdependences between adjacent level factors of three highest frequency accident types. At last, based on the correlation analysis between different human factors, the routes to failure can be determined; containing the norm frequency of factors, the safety recommendations are given to the different accident types pertinently. The results can be auxiliary and effective information for safety managers to conduct scientific and pertinent safety managements.
Introduction
The safety risk of hydropower construction is more significant than the one presented in construction situations, as a result of complex construction environment, large numbers of construction workers, various types of work and various stages of cross-operation and other reasons (Jia et al. 2012; Jiang et al. 2014; Zhou et al. 2014; Liu et al. 2005) . Despite the fact that improvements in hydropower construction safety have been made over the last decades, accidents and injuries still occur on construction sites. Haslam et al. (2005) studied the cases and found that 70% of the accidents were caused by workers or work teams; Suraji et al. (2001) identified that 88% of the accidents in construction projects involved unsafe behaviors; they supported the fact that the accidents are mainly results of human errors. Therefore, human error analysis in work systems to explore their root causes is not only an important study of mechanism of the accident occurrence, but also the basis for carrying out a scientific and standardized management of enterprises (Tamborello, Trafton 2017) , which has vital significance for safety management of hydropower construction.
One of the earliest studies of human errors is the domino theory of Heinrich (1931) . He raised five sequential dominos of accidents causation chain and the second part is the fault of a person. Reason's (Reason 2000) model, which is based on theory of Heimlich, classifies factors of accidents into three domains: organizational/systems, local workplace and unsafe acts. In doing so, the model moves the blame from human errors to the environment in which humans work. HFACS was proposed by Shappell and Wiegmann (2001) and cited by Dekker (2002) as one of the most powerful tools for reconstructing human contributions to various types of accidents. The HFACS system was originally developed as an evaluation framework to analyze and classify operator errors in aviation accidents and mishaps (Shappell, Wiegmann 2001; Wiegmann, Shappell 2003) . The advanced version of HFACS based upon Reason's model of latent and active failures has provided an applicable system to investigate human errors in accidents (Madigan et al. 2016) .
There are four main levels in the HFACS framework (Daramola 2014; Lenne et al. 2012; Shappell et al. 2007): (1) the unsafe acts tier includes perception errors, decision errors, skill-based errors and violations, the factors of this level result in accidents directly; (2) the preconditions for unsafe acts tier includes technological environment, physical environment, condition of the operator, crew resource management and personal readiness, the factors of this level can result in a unsafe behaviors; (3) the unsafe supervisions tier includes inadequate supervision, planned inappropriate operations, failure to correct known problems and supervisory violations, these factors have a great effect on the condition of unsafe behaviors; (4) the organizational influences tier includes organizational climate, operational process, resource management. For every collected accident, it includes many human errors. These human factors can be filtered from the accident investigation reports and sorting into specific categories based on the HFACS framework (Celik, Cebi 2009; Daramola 2014) .
However, the most important function of HFACS framework is to filter the human errors and make a classification of them, which cannot determine the core causations of accidents and relationship of these errors (Zhan et al. 2017) . HFACS is only a fundamental framework where these human errors are simply assigned to categories, without the explanations of what contributes to these errors or suggestions of remedies to avoid them in the future. Relatively few published studies with empirical evidence formally describe the independences between human factors by HFACS. Dekker (2001) noted that HFACS framework only can replace human errors by shifting them from the forefront to higher up in the organization instead of finding solutions for them.
Every accident includes two types of errors: active errors and latent errors (Bentley 2009 ). Active errors result in accidents directly with immediate influences; they are recorded accurately in the accident investigation report (Chiu, Hsieh 2016) . Latent errors cause accidents indirectly statistics; their adverse consequences may lie dormant within the system for a long time, only becoming evident combining with other factors to breach the system's defences (Chiu, Hsieh 2016; Madigan et al. 2016) , they are also recorded in the accident investigation report after the deep analysis by experts. It is important to analyze the relationship by statistic independence methods using accident investigation report.
Some scholars use statistic independence methods to uncover the relationship between the factors in the HFACS framework, providing evidence to the inter theory of failure to accident behind the framework (Daramola 2014; Lenne et al. 2012; Olsen, Shorrock 2010; Tvaryanas et al. 2006) . These analyses begin to describe statistically how actions and decisions at higher managerial levels promulgate down through the organization to result in operational errors and accidents.
However, some of them only concentrated on the correlation analysis without the frequency, and some of them took consideration of correlation and frequency, but frequency belongs to larger categories without segmentation, thus, the results cannot be auxiliary information for making pertinent recommendation. Besides, these analyses concerned on the whole industry without consideration of the characteristics of different accident types.
Hydropower construction involves many types of engineering projects such as dam pouring, external communication facilities Koirala et al. 2017) . Compared with other industries, the hydropower construction has some special characteristics (Abrams et al. 2017; Moura et al. 2016; Wang, Albert 2017; Zhou et al. 2014) , which results in the diversity of accidents and the causes of different accident types are obviously different (Fang et al. 2015) . It is not pertinent if we analyze the accidents without considering the distinctions in different types (Bierly et al. 2008) . The proposed prevention recommendations have low match ability with the real circumstance. It is important to determine the key human factors of frequently happening accidents and find the routes to failure, the effective recommendations are proposed then.
In consideration of the shortages of the previous studies, we conduct an empirical study to determine the core human factors of different accident types and find the interdependences of factors in HFACS framework and then uncover routes to failure. The remainder of this paper is structured as follows. Section 1 explains the Human Factors Analysis and Classification System and gives the clear descriptions of factors; the analysis methods are also introduced. In Section 2, we use the HFACS framework to filter the human factors of 869 accidents investigation reports collected from hydropower companies. The accident types are classified and the basic statistical regularities are revealed, and the three accident types which have largest number cases are identified. In Section 3, the four most important factors of three largest frequency accident types are determined, the norms rankings of those factors are given using frequency, and the association's strength of different factors in adjacent HFACS level is calculated by the method introduced in Section 1. In Section 4, we discuss the results and give recommendations of different accident types. Finally, we present the conclusion of this study and discuss its limitations. The flowchart of this research is presented in Figure 1. 
Methodology

Human error taxonomy
When we analyze the relationship of factors, the basic data is from the accident investigation reports which should be collected and decomposed to obtain the factors frequency. In the first round, the inter-rater reliability, measured on a category-by-category basis, should be calculated by Cohen's Kappa to assess their consistency. Then, they should reach a consensus in the second round. There are uniform HFACS categories and factors, but there exists some difference of specific description of each factor. In this study, based on the original HFACS framework and other reference work (Akyuz 2017; Chauvin et al. 2013; Patterson, Shappell 2010; Zhan et al. 2017) , construction safety standards, hydropower construction characteristics, the HFACS framework is presented in Table 1 .
Inter-rater reliability
We invited three experts to analyze and decompose these accident investigation reports. The basic information of experts is presented in Table 2 . In the hydropower construction site, there are a small number of women because of the bad construction conditions and then the three raters happen to be men. Besides this, the raters are selected based on the adequate working experience and suitable academic backgrounds, but other factors like gender and age are not mentioned. Three raters can discuss efficiently and overcome the subjectivity in the limited time. Many scholars also assessed the inter-rate reliability of the HFACS decomposition process with the same principles (Li et al. 2008; Olsen 2014) .
The raters finish the accidents decomposition by the HFACS framework, but the use of HFACS framework appears to be straightforward and simple, single rater often complains that they could not confidently classify each error only by taxonomy. This indicates that formal training program (including factors and examples) should be established to ensure that the raters can decompose the accidents rightly. First of all, we use 20 accident reports as example and three raters read them together in threeday seminar to identify all accidents causes' lists. The three raters need to discuss whether results can lead accident or not and they must final reach a consensus if they have any divergence (Ergai et al. 2016) . Ensure that raters are proficient in sorting every error until they are able to use HFACS efficiently. At last, the three raters need to classify the all accident causes in accordance with the description for each category independently; every rater has own database and they would get a consensus after discussion in the next month. In this process, they give the result based on the prior experiences. Different rater has different results and in the biases from the truth. Baysari et al. (2009) suggest that inter-rater reliability should be best calculated separately for each rater pair (i.e. rater 1 vs rater 2, rater 2 vs rater 3, etc.). In our study, the Kappa values proposed by Cohen (1960) are employed to conduct consistency testing and measure the inter-rater reliability (Zhan et al. 2017; Zhou, Lei 2017 ).
Overview of analysis method rationale
In every collected accident investigation report, there are four logical relationships between two factors in adjacent levels: both of them occur, neither of them occurs or one of them occurs. The relationships of the two factors are presented in Table 3 . After every accident investigation report has been decomposed using HFACS framework, the frequency and marginal frequency of every factor can be calculated. First, the χ 2 (Chi-square) (Chen, Y., Chen, M. C. 2011 ) is used to test for independence, where we assume that represents the hypothesis that human factors of HFACS are independent of each other; states the human factors of HFACS are dependent and correlated to each other: N N N N N N N N N N N N N 
By calculating the chi-square statistic using the chisquare distribution and appropriate degrees of freedom, the significance level was chosen and obtained Masirevic 2017; Roscoe, Byars 1971) . When the actual value is greater than the calculated value, we reject the hypothesis and accept, which means that factors are dependent on each other.
However, the χ 2 method cannot uncover the real association, and the relationship analysis should be supplemented with another effective method -Goodman and Kruskal's lambda (λ). The lambda can be used to calculate the proportional reduction in human error, and it ranges from 0 to 1 when 1 represents certainty. The advantage of Lambda (Goodman, Kruskal 1954 ) is that it is a directional statistic, which matches the potential influence relationship between the lower (operational) and upper (organizational) levels. In general, the factors in lower levels cannot adversely affect higher levels one. Higher levels in the HFACS are deemed to influence (cause) changes at the lower levels, thus going beyond what may be deemed a simple test of co-occurrence between categories. Thus, the asymmetric form of lambda is chosen: Safety warning signs and safety colors complying with the requirements on equipment or workplace to construction safety; Safety protection measures; Safety equipment and safety facilities; Safety technical disclosure; The construction safety technology solutions; Performance and maintenance; Temporary power in accordance with the provisions to construction safety; The designs of equipment and controls, display/interface characteristics, checklist layouts, task factors and automation; Material certificate and material testing; control material production, transport and stacking.
C2: Physical Environment
The operational setting (e.g., weather, altitude, terrain) and the ambient environment, such as heat, vibration, lighting and toxins.
C3: Conditions of the operator
Pathological conditions such as medical illness, physical trauma, physical fatigue for individuals.
C4: Crew resource management
A variety of communications, coordination, and teamwork issues (including preshift meeting; predicting potential danger activities) that impact performances.
C5: Personal readiness Off-duty activities required to perform optimally on the job such as adhering to crew rest requirements, alcohol restrictions, and other off-duty mandates; worker's safety awareness; experience and training result. ∑ max N N max N N max N N N N N N N N max N N N N λ (2) At last, we also used odds ratios to estimate the likelihood of the presence of a contributory factor in one HFACS category associated with the concomitant presence of a factor in another category. However, there is a note that odds ratios are an asymmetric measure and they have theoretical meaning when associated with a non-zero value for lambda:
Data collection and preliminary statistics
The "Byelaw governing reporting, investigation and handing of production safety accidents" establishes the criteria for the reporting, handling, investigation and the duty of government and accident units. The byelaw stipulates that the reporting of accident should be done on time, accurately, and completely. It also strictly mentions that no unit or individual should be allowed to delay the reporting, miss any content, falsify or hide any fact in the report. Investigation and handling of the accident should be based on the principle of "seeking truth through facts, and respecting science". The goal of such an investigation is to obtain clear answers about the nature of the accident and the manner it happened, identify the losses it resulted in and establish responsibilities for the accident. The goal of the task is to ensure that the units where the accident occurred learn serious lessons from the accident and implement a preventive and corrective action plan to keep such accidents from happening again. The implementation of any such preventive and corrective action plan should be supervised by the trade union and the employees of the affected unit. The causes and subsequent rectification measures are investigated and reported by experts. Therefore, serious accidents which lead to injuries are well documented and information about them is easy to collect. Although the analysis of near misses and accidents with minor injuries is also important indicators of safety management, it is not always reported and investigated.
The information of such cases is difficult to collect and hence was not taken into consideration in this study. Just as "Byelaw governing reporting, investigation and handing of production safety accidents" stipulates, accident investigation group should be formed up by government, production safety supervision department and relevant department responsible for production safety supervision, supervision department, public security department and trade union; the local people procurator shall be invited too. Members of the investigation group should possess knowledge and expertise required by the investigation into the accidents and they should have no interest relationship with the accident under investigation. When the technical authentication is needed in the course of investigation into the accident, the investigation group should entrust the authentication to the unit that has qualifications required by the state. When necessary, the investigation group may directly organize specialists for the technical authentication and appraisal, and the time for technical appraisal and authentication shall not be included in the time limit of the accident investigation. The above rules ensure the accident investigation reports are very authorized and accurate. After the accident investigation finished, the accident relevant unit will get a copy report.
The accident investigation reports were collected from famous Chinese hydropower units, such as the China Three Gorges Corporation, Sino Hydro Corporation, China Energy Engineering Group Co. Ltd. 869 accidents investigation reports were observed between 1979 and 2017 across 194 hydropower construction projects, with a total of 372 injuries and 614 deaths. The collected cases are all personal casualty accidents where at least serious injuries were reported, and both active errors and latent errors are available from the investigation reports.
A complete accident investigation report includes the accident unit, the accident happening process, the active errors and latent errors, the accident nature and the accident handing. After the reports are collected, every case is encoded as "hydropower project name-date" and recorded in a database.
To state the process of reports decomposing, we take the accident investigation report "Baihetan-20120730" as an example. There are mainly three steps of this decomposition. Accident causes (ACs) are identified based on the detailed description of reports in step 1; the identified ACs are assigned into different norms in step 2, and the norms are sub-factors in HFACS framework and they should contain the same category of AC, norms corresponding to any AC will be signed with "1"; match the norms and factors in HFACS framework in step 3, any norm belongs to one factor and the factor will be signed "1" on the condition that the norm has one AC at least. The above work is accomplished by three experts respectively. The step 1 and step 2 of the decomposed report are presented in Table 4 . Hydropower construction project to prepare for concrete pouring work, and this task was cancelled later. Mr Tang fell from height and died on the spot during the process of evacuation.
Accident rescue
It is irrelevant to the paper topic to be omitted.
Accident causes
Inadequate safety facilities -AC1: The work platform outside the bridge pier climbing formwork was not in closure; Inadequate safety facilities -AC2: The height of the protective railing was not enough with less than one meter; Inadequate safety facilities -AC3: There was no safety ladder and safety net between the three platforms floor; Inadequate safety warning signs -AC4: There was no safety warning signs in work platform; Unqualified safety device -AC5: The safety rope was broken with 5cm distance from the hook; Poor safety awareness -AC6: Tang was negligence and eager to go home and his safety awareness was poor; Illusion of memory -AC7: Tang forgot to untie the safety belt in the case of walking; Illusion of perceiving -AC8: Tang lost balance by the belt and did not perceive this situation, so he felt;
Indirect causes
Inappropriate operation arrangement -AC9: Staffs were forced to work in extremely dangerous situation; Willful disregard for regulations -AC10: Safety managers did not prohibit the work in extremely dangerous situation; Inadequate institution -AC11: There was no special institution to manage the worker team; Inadequate operation regulations -AC12: There was no special regulation to direct the high-place operation; Inadequate rectification of hidden danger -AC13: The rectification measures of hidden danger had not been taken; Inadequate technological measures -AC14: Many safety protection measures were not implemented; Incompetent team leader -AC15: At the day of the accident, no safety manager was on duty; Inadequate rectification measures -AC16: The safety measures were not been taken and rectification directive was not promptly issued; Inadequate pre-shift meetings -AC17: Pre-shift meetings was not been carried out; Inadequate predicting potential danger activities -AC18: predicting potential danger activities was not been carried out; Inadequate check for safety device -AC19: Labor protection articles were not been checked; Insufficient identification for hazards -AC20: The quality problems of belt was not been found; Insufficient identification for hazards -AC21: The hidden dangers of the operating platform were not been identified; Insufficient training -AC22: Workers were not well educated and trained regularly; Poor ambient environment -AC23: This job was high-risk operation; Poor ambient environment -AC24: Working environment was poor; Inadequate technological measures -AC25: The included angle of the template was fully open without any safety protection measures; Inadequate safety investment -AC26: The poor quality of safety protection equipment; Violation operation -AC27: The worker did not obey the regulations of using the safety device; Inadequate safety culture -AC28: The enterprise did not attach importance to the constriction safety.
Accident nature Liability accident.
Accident handing It is irrelevant to the paper topic to be omitted.
A factor will be marked as "1" if it consists of any norm and marked as "0" vice versa. The final decomposing results of the example case "Baihetan-20120730" are presented in Table 5 . We conduct the same process for all collected reports and all accidents are decomposed by the above steps.
The raters conduct the same analysis and decomposition for all the collected reports, and they have their own results, the three experts discuss together to reach the same results when there are some conflicts.
According to the "The classification for casualty accidents of enterprise staff and workers" (NO: 658.382 GB6441-86), 869 cases can be divided into 20 types based on the accident results. The type and the number of occurrences of each accident type are reported in Table 6 .
From Table 6 , we can see that the three largest types of accidents are a) fall from height, b) traffic accident and c) hit by objects. The next large proportions of accident types are crane injury, collapse accident, machine injury and electric shock. A small proportion of accidents, which does not fall into any of the above types, have been grouped together into other types of accidents.
To facilitate the classification of accidents in the category of "fall from height", a high-altitude operation is defined as an operation where a person works at a height of 2 meters or more and has the possibility of falling. The accident is defined as "fall from height" if the person falls during such an operation. There were 224 reported cases of fall from height accidents among the collected samples, accounting for 25.78% of the total number of accidents.
A traffic accident is defined as a personal injury or loss of property by a vehicle due to the fault of the driver or another party or due to unforeseen circumstances. This definition is provided by the provisions in the 119th article of the "Law of the people's Republic of China on road traffic safety" (Order of the Chairman of the People's Republic of China (No: 47)). However, driving operation in the context of hydropower construction has the following characteristics: (1) the road is in the internal construction site instead of being an outbound traffic road; (2) the vehicles are special vehicles used in the construction site; (3) most drivers are peasant-workers. There were 176 reported traffic accidents, accounting for 20.25% of the total of 869 accidents investigated in this paper. The next category of accidents which are termed as hit by objects is defined as an accident in which a person is injured by the inertial force of an uncontrolled object. This definition is adopted from the "The classification for casualty accidents of enterprise staff and workers" (NO: 658.382 GB6441-86). In our collected accident statistics, there are 130 hit by objects accidents that account for 12.41% of all the accidents studied.
The distribution of the other categories of accidents is as follows: 6.9% of collected accidents are crane injuries; the proportions of collapse accidents, machine injury accidents and electric shocks are 8.29%, 5.75% and 5.06%, respectively. The category "other accidents", which accounts for only 13.01% of the total number includes all accidents which do not fall into one of the seven categories above. 
Results
Factors and norms ranking
Before the rater discussion together, the inter-rater reliability, measured on a category-by-category basis, should be calculated by Cohen's Kappa to assess their consistency. The half categories that the Kappa values exceed 0.4 are regarded acceptable. The inter-rater reliability between raters is also given in Table 7 , in which the data comes from the analyses in the first round. The results show that inter-rater consistency varies between raters from 52%-94% and are well above the 50% threshold, indicating acceptable reliability between rater 1 and rater 2, rater 1 and rater 3, rater 2 and rater 3.
Inter-rater reliability results
According to the decomposing steps and the framework of HFACS, the human error database is built. From the statistics results, the three highest frequency accident types are identified: the first type is fall from height, the second type is traffic accident and the third type is hit by objects. Our study mainly concerns on these three types. The factors frequency of them could be calculated and the results are presented in the Table 8 . It can be found that the different accident types have different factors rankings, and the consistency of these rankings is very low. The first four human factors with the largest percentage of occurrence in all the three accident types are highlighted in bold in Table 8 . For fall from height accidents, the first four are C5 "personal readiness", B1 "inadequate supervision", D4 "violations" and B4 "supervisory violations". For traffic accidents, the first four human errors are same with that of fall from height with a different factor ranking, and they ranked with the order of B1, C5, D4 and B4. For hit by objects, it has some own characteristics. Compared with the two other accident types, most hit by objects accidents are firstly caused by objects thrown from height and secondly caused by rolling rocks from steep hillsides where hidden dangers are not identified. Thus the four human errors are B1 "inadequate supervision", C5 "personal readiness", B4 "supervisory violations" and C1 "technological environment" that replaces D4 "violations". 
Correlation analysis
The important factors of the three accident types have been determined using factors ranking. The ranking can only tell us which factor we should pay more attention to, but it could not reveal the inner relationship of factors between different levels. The correlation analysis can achieve this goal with Chi-square, lambda and odd ratio parameters. Each relationship has three parameters and is calculated by Eqns (1)-(3), i.e., Chi-square, lambda and odd ra- tio. The two different factors have association if the value of chi-square is in excess of 3.84 and the value of lambda is zero; the significant association indicates that the value of chi-square is in excess of 3.84 and the value of lambda is in the interval of (0, 0.5]; the extremely significant association indicates that the value of chi-square is in excess of 3.84 and the value of lambda is in the interval of (0.5, 1]. For fall from height accident type, there are 20 relationships showed associations: two of them meet the chisquare condition but lambda zero, twelve of them meet the chi-square condition and lambda between zero and 50%, six relationships have lambda which is in excess of 50%. For traffic accident type, there are 16 relationships showed associations: three of them meet the chi-square condition but lambda zero, nine of them meet the chi-square condition and lambda between zero and 50%, four relationships have lambda which is in excess of 50%. For hit by objects accident type, there are 15 relationships showed associations: four of them meet the chi-square condition but lambda zero, eight relationships meet the chi-square condition and lambda between zero and 50%, three relationships have lambda which is in excess of 50%. The results are presented in Table 10 , and the simple associations graphs are presented in Figures 2 to 4 . 
Discussion
Routes to failure
From Figures 2 to 4 , the routes to failure are revealed from the organizational aspects of construction safety and safety management systems to the workers' behaviors, which are obviously different for unique characteristics of each accidents type. There are more failure routes in fall from height accident type, which means many routes can lead the accident and the accident forming process is more complex. In fall from height accident type, the main fail- (1, 2, 3, 4)" the factor "personal readiness" is in the key place. In the traffic accident type, the main failure route is "A2→B1→C5→D (3, 4) or A1→B2→C5→D (3, 4)", which has some similarities with the first type. In hit by objects accident type, A2→B1→C5→D (1, 2, 3, 4) also is the main route. Generally speaking, the failure routes between different accident types are similar in macroscopic view. But in the microcosmic view, they have many obvious differences.
In the association analysis between level four "organizational influences" and level three "unsafe supervisions", there is no relationship that the chi-square excesses 3.84 while lambda is zero in fall from height and traffic accidents; but in hit by objects accident, the factors "organizational climate" and "inadequate supervision" have slight association because the chi-square excesses 3.84 but lambda zero. In all three accident types, the "organizational climate" has a significant association with "planned inappropriate operations". The unsubstantial organizational climate will lead to the weak safety atmosphere, and the leader pursues the rate of progress and cost neglecting the safety and quality (Clarke, Ward 2006) . Concretely, inappropriate assignment of team members, and insufficient number of team members, and lack of team leader and poor teamwork; and inappropriate operation plan to the actual conditions, etc. are the main content of factor "planned inappropriate operations". There is a special relationship between the factor "organizational climate" and "supervisory violations" in fall from height. There is much cooperative work of multi-team in hydropower construction with lager number of cross operations, and many work teams are dispersed in the same vertical direction. A typical supervisory violation is that the team manager only concerns the safety of his/her own team operators. The safety awareness and responsibility of managers are poor with weak organizational climate (Cooper, Phillips 2004) , which results in a fluke mind and deregulation of throwing objects or sundries arrangement in mess.
In three accident types, there is a same relationship between "operational process" and "inadequate supervision" and traffic accident have a stronger association of this relationship. In the hydropower construction, procedures for warning and risk avoidance should be established in Figure 4 . The simple associations graphs of hit by objects accident type the prior of safety management based on the prefect management system and means, the right management goals and ideas, the detailed and operational laws and regulations to improve the level of supervision. Besides, there is a significant association between "operational process" and "planned inappropriate operations" in fall from height. Operation process including operations, procedures, etc. determines the work conditions and reasonable level and formation of team member. Just as the example presented in the section 3, that staffs were forced to work in extremely dangerous situation is an element of factor "planned inappropriate operations", but the essential reason is unclear clarification of responsibility from the procedures in "operational process".
In the fall from height and traffic accident, "resource management" has a significant effect on the factor "failed to correct known problems", and the association in fall from height accident type is stronger than that in traffic accident type. In the hydropower construction, the operators should be equipped with qualified protection device and the construction site should be set good technological measures. The manager has a fluke mind that the inadequate device or measures have low accident possibility, and the resource is not used to correct the imperfection timely when the problems of these device and measures are found. However, in the traffic accident type, the factor "failed to correct known problems" mainly indicates that the known malfunctions of vehicle can't be repaired timely for shortage of money, thus the relationship of the two factors is more single relatively.
In fall from height, the relationships between the third and second levels are more complex than those in the two other accident types. There are three factors of "inadequate supervision", "failed to correct known problems" and " supervisory violations", in the upper level that has significant associations with "technological environment". The good technical environment is a guarantee for the safety operation in the hydropower construction. Working at heights is a type of special operation which requires high level skills and psychological quality. Lot of devices and equipment, such as safety belt, safety rope, escalator and railing, are needed in this operation, and any of them in poor condition will lead to accident. These devices and equipment are not fully checked against the stipulation of regulations because of the duty negligence or poor safety awareness of safety managers. What's more, the safety problems have been found but not corrected in time, which makes the technical environment in a poor state and the possibility of fall from height increasing.
In the traffic accident, vehicles in hydropower construction projects are special operations vehicles, such as loaders, bulldozers, and trailers. The hydropower construction work space is limited and there are many vehicles in the site at one time, thus, there must be many directional signs and safety signals with good quality to direct the vehicles working. At the same time, the maintenance of vehicles is also very important. But in real construction site, the inadequate supervision results in the failure to provide guidance of vehicles maintenance and to check the qualification of vehicles and to monitor vehicles malfunctions. Therefore, the connection of the factor "inadequate supervision" and factor "technological environment" in traffic accident is strong.
Most hit by objects accidents are caused by the sundries arrangement in mess. This phenomenon is a result of inadequate supervision such as weak oversight of safety supervisors or poor safety education of operators, which makes a passive effect on the technological environment. This will intrude on safety performance in construction site.
The factor "condition of the operator" mainly contains pathological conditions such as medical illness, physical trauma and physical fatigue for individuals. The workers are almost peasant-workers in hydropower construction site, and they were not well educated and trained regularly, thus the personnel quality is not high. However, the psychological and physiological status of workers will be checked regularly to ensure the operators in a good status. If the emotion of workers is disturbed by significant misfortune, they can be found timely and made resignation easily with a casual labor contract. From the Table 8 , conditions of the operator are good and this factor has a low accident percentage with 0.043 in fall from height, 0.013 in traffic accident and 0 in hit by objects, respectively. Different operation types have the same requirements for the operators in the factor "crew resource management". The two factors "planned inappropriate operations" and "supervisory violations" affect the factor "crew resource management", and the relationships are the same in three accident types. The factor "planned inappropriate operations" includes inappropriate assignment of team members or insufficient number of team members or lack of team leaders and poor teamwork. Inappropriate operations could result in unreasonable number of safety mangers in the work team and the safety management could not be implemented effectively. Supervisory violations indicate that the safety mangers are not strict in accordance with the regulations to supervise the team to take pre-shift meetings and predicting potential danger activities.
The two factors, "planned inappropriate operations" and "supervisory violations", also have an association with the factor "personal readiness". Personal readiness involves some causes which are the basic conditions of good operations, such as rest requirements or alcohol restrictions, and these causes can be eliminated by strict examination by safety mangers using regulations.
The causes which lead to accident directly are the four human factors in the first level. The four factors are affected by the same factor "personal readiness", and the relationship is stronger with fall from height than the other accident types. The workers whose status of operation partial determines the construction safety are the most important part in the hydropower construction. At present, the regulations of hydropower construction are more concerned with the operations but little consideration of the off-duty activities. As mentioned above, the hydropower construction has the characteristic with heavy mission and limit time; therefore, the workers often work in three shifts and do not have enough time to rest. When they go into the work space, it is difficult for them to concentrate on the work, making perception errors. On the other hand, the workers are almost peasant-workers with a pretty high turnover, and their operation skills and safety awareness are weak for the reasons that it is difficult for managers to perform safety training or education for them regularly. Besides this, the cultural level of workers is not very high, and the operations are based on the convenient way rather than scientific and systematic construction methods, therefore, habitual violations are common. What's more, when unexpected incidents occur, scientific and effective measures are too lack to decrease the possibility of accident.
Apart from these common relationships, there are also different associations between the factors in the level one and two in three different accident types. In fall from height accident, the factor "perception errors" is also affected by the factor "technological environment" and "crew resource management". The main reason is that the workers are not familiar with technical measures in high-place operation due to the latent human factors, which results in the imbalance or misstep. On the other hand, working in advance, the safety managers fail to identify or report the danger, which results in the workers' unfamiliarity with the physical environment, and then the workers commit perceptual errors. In the traffic accident, the drivers need to obtain the information from physical environment even if the severe environment likes rainy or dark night; it is easy to cause the judging error.
Based on the above inter-dependence analysis between different factors in three accident types, it is known that the accident is a combined result of many factors. The safety recommendations are provided not only considering the factors themselves but also the interaction of these factors.
Safety recommendations
According to the results of the factors and norms ranking, C5 "personal readiness", B1 "inadequate supervision", and B4 "supervisory violations" are among the first four ranking in all accident types. The D4 "violations" has a higher ranking in fall from height and traffic accident but not in hit by objects whose higher ranking is C1 "technological environment".
From the Table 9a , it can be found that the most important norm in "personnel readiness" in three accident types is poor safety awareness. Training results includes operation skills, experience, etc. The recommendations for the improvement of safety awareness of the hired personnel focusing on their education and training towards safety operations are applicable to every type of accident. First, the safety awareness, operation skills and experience can be improved by strengthening safety-related education and training with proper supervision. Second, adequate knowledge of safety is an effective way to improve safety awareness. The consciousness and though twill turn into concept, judgments, inference and from a logical and rational thought patterns by education. It is better to form a systematic, highly conscious theoretical system and thought for safety awareness. Lastly, safety culture is essentially important in hydropower construction, we need a steady and sustainable culture of safety training in the field of hydropower construction. By using the safety training, we will lead to improvements in safety awareness during day-to-day operations, with the increases in skill, sensibility, knowledge, and overall competence it provides.
Inadequate supervision and supervisory violations are also very important human factors, and they can affect the personal readiness. From the Table 9b , it can be found that "fail to enforce rules and regulations" is the most important norm in supervisory violations for all three accident types. The responsibility of supervisor should be improved by the safety education and training. The requirements of every type of operator should be clarified clearly in the regulations. The assessments of supervisor should be in a quantitative way. The phenomena of absence post and replace post should be strictly prohibited.
From the Table 9c , it can be found that the most important norm in "inadequate supervision" in three accident type is insufficient education and training. To offer more suitable and effective education and training, integrated and interactive training system that consists of real-time tracking and data visualization technologies should be established, it can provide real-time feedback to both trainer and trainee so that they can correct their performance immediately on the training site. Engaging all training participants through data visualization in an immersive virtual reality environment can increase learning effectiveness and keep everyone motivated especially in an increasingly technology-savvy workforce. This system also can be built using Virtual Reality (VR) as a training environment.
From the Table 9d , the norm that operation is not in accordance with the regulations has the highest frequency in both two accident types. The violations mean that the operators do not obey the regulations although the regulations are perfect. Workers' violation behaviors needed to be resolved through more communications between the workers and the managers. The workers should not be assigned to work in extreme working conditions, which often makes trouble for their judgments of failure, prolonged their work time, and forced them to find alternatives that did not comply with the safety rules. The safety awareness of operators should be improved by safety education and training. On the other hand, the supervision must be strengthened. The operations, such as wearing seat belt incorrectly, or spanning the railing, or driving without license, must be identified timely with new technologies.
The technological environment ranked the fourth highest frequency in hit by objects accident. For the objects, such as tools, small materials, which are numerous and in the everywhere of the construction site, the orderly stacking and storage of those objects are very significant, if not, they would be uncontrolled to hit operator. From the Table 9e , it can be found that the highest frequency norm is inadequate safety protection measures. The safety helmet is the basic equipment when workers go into the site and pre-job inspection must be strictly carried out and certified to ensure that the employees wear protective equipment properly. The workers should have a good personnel readiness with good sleeping, good psychological and physiologic condition and without drinking. When crossoperations conduct, special safety supervision should be set and the isolation network need to be set between different construction layers. At last, pre-shift meeting and danger predicting should be carried out to gain a better understanding of construction site.
Conclusions
The purpose of this work is to determine the importance order of human factors and norms and explore the routes to failure by using frequency statistics and correlation analysis. The human factors are filtered from the 869 accident investigation reports collected from the hydropower enterprises in the year of 1976 to 2017 with HFACS framework. The ranking of human factors and the norms in the first three occurred accidents are given based on the frequency statistics. The methods including Chi-square, lambda and odds ratios are used to analyze the interdependences between the adjacent level factors. The safety recommendations are presented according to the results of this study.
In our research, the correlation between each factors have been calculated and then find the routes to failure. Compared with some other work (Li et al. 2008; Liu et al. 2013; Zheng et al. 2017) , our results has some own characteristics, the similarity level of the path or routes to failure are not very high. In the hydropower construction project, there are many types of engineering accidents with their own characteristics. We find the failure routes of different accident type with higher pertinence, and other research mainly concern on the whole project or industry, such as the aviation and so on. As for specific accident type, the routes may be simple or complex, and this also determined by the operation characteristics. From the results, we can easily find the accidents forming.
This study enhances the understanding of human errors to an important degree. It suggests that the routes which form the failure vary from different accident types. For the same factor or norm, their diversities vary in different accident. In a whole view, the three most important factors are personal readiness, supervisory violations and inadequate supervision. As the inconsistence of route to failure, the accident preventions are taken pertinently. The measures should not only be done for the construction workers but also for all personnel in a construction site.
In order to obtain clear routes without complex structure, we only consider the relationships of factors in the adjacent levels, which is the limitation of HFACS hypothesis.
